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Summary
Escherichia coli DksA, GreA, and GreB have similar structures and bind to the same location on
RNA polymerase (RNAP), the secondary channel. We show that GreB can fulfill some roles of DksA
in vitro, including shifting the promoter-open complex equilibrium in the dissociation direction, thus
allowing rRNA promoters to respond to changes in the concentrations of ppGpp and NTPs. However,
unlike deletion of the dksA gene, deletion of greB had no effect on rRNA promoters in vivo. We show
that the apparent affinities of DksA and GreB for RNAP are similar, but the cellular concentration
of GreB is much lower than that of DksA. When overexpressed and in the absence of competing
GreA, GreB almost completely complemented the loss of dksA in control of rRNA expression,
indicating its inability to regulate rRNA transcription in vivo results primarily from its low
concentration. In contrast to GreB, the apparent affinity of GreA for RNAP was weaker than that of
DksA, GreA only modestly affected rRNA promoters in vitro, and even when overexpressed GreA
did not affect rRNA transcription in vivo. Thus, binding in the secondary channel is necessary but
insufficient to explain the effect of DksA on rRNA transcription. Neither Gre factor was capable of
fulfilling two other functions of DksA in transcription initiation: co-activation of amino acid
biosynthetic gene promoters with ppGpp and compensation for the loss of the ω subunit of RNAP
in the response of rRNA promoters to ppGpp. Our results provide important clues to the mechanisms
of both negative and positive control of transcription initiation by DksA.
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Introduction
Transcription initiation in bacteria begins with the reversible binding of RNA polymerase
(RNAP) to promoter DNA.1 The RNAP-promoter complex then undergoes several
isomerizations, eventually resulting in a transcriptionally-competent open complex. At most
Escherichia coli promoters, the open complex (or an intermediate on the pathway to its
formation) is long-lived even in the presence of competitor for free RNAP. However, the
competitor-resistant complex formed at rRNA and some other promoters is short-lived, shifting
equilibrium occupancy from the open complex back to earlier, competitor-sensitive
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intermediates.2,3 A non-optimal interaction between region 1.2 of the σ subunit of RNAP and
a non-template strand base two positions downstream of the -10 promoter element is one of
the major determinants of the short-lived nature of the rRNA promoter complex and is required
for rRNA transcription regulation.4

Two small molecules regulate many promoters that form short-lived complexes with RNAP:
the initiating NTP (iNTP) and guanosine 5′-diphosphate 3′-diphosphate (ppGpp). The
concentrations of NTPs and ppGpp change at distinct times in the bacterial growth cycle,
regulating rRNA promoters,5 many tRNA promoters,3 and certain mRNA promoters6,7 to
meet the translational needs of the cell. By binding to RNAP and pairing with the template
DNA, the iNTP transiently stabilizes the rRNA promoter complex, thereby driving
transcription initiation forward by mass action.8–10 ppGpp decreases the half-life of the
complex with RNAP at all promoters, inhibiting transcription from intrinsically short-lived
complexes.11 ppGpp not only directly inhibits rRNA promoters, but in combination with the
transcription factor DksA, a 17.5 kDa protein with pleiotropic effects on gene expression in a
number of bacterial species, it also directly co-activates some other promoters.12

Although effects of changing iNTP and ppGpp concentrations are observed on rRNA
promoters in vitro with purified components, the magnitudes of these effects are much smaller
than those observed in vivo or in extracts.11,13 DksA accounts for the differences in regulation
observed in vitro versus in vivo.12,14 DksA shifts the rRNA promoter-open complex
equilibrium in the dissociation direction, increases the dependence of the promoter on the iNTP
concentration, and increases the sensitivity of the promoter to ppGpp.12,14 Furthermore, DksA
and ppGpp together positively regulate promoters for certain amino acid biosynthesis genes
and virulence factors.12,15,16 Thus, depending on the intrinsic kinetics of the promoter, DksA
can decrease transcription of some promoters and increase transcription of others.

DksA also rescues a defect in rRNA transcription regulation by ppGpp exhibited by RNAP
lacking the ω subunit in vitro.17 Since mutants lacking rpoZ (the gene coding for ω) respond
to ppGpp in vivo,18 we proposed that DksA masks a defect in regulation caused by the absence
of ω.17

The crystal structure of DksA revealed that the protein has two domains, a coiled-coil with two
acidic residues at one end and a globular domain at the end opposite the acidic tip.19 DksA
exhibits an overall similarity in structure to the transcription elongation factors GreA and GreB,
despite a lack of sequence homology. The Gre factors bind in the secondary channel of RNAP,
a pore though which NTP substrates gain access to the active site of the enzyme.20,21,22 The
acidic tips of GreA and GreB are adjacent to the RNAP active site and stimulate an intrinsic
RNA cleavage activity of RNAP, releasing RNA that has backtracked into the secondary
channel. However, GreA activates cleavage of 2–3 nt, whereas GreB can activate cleavage of
up to ~18 nt from the 3′ end of backtracked transcripts. Both Gre factors inhibit pausing and
prevent the formation of arrested elongation complexes, but only GreB rescues already-arrested
complexes.

Although there is no co-crystal structure of DksA bound to RNAP, there is considerable
biochemical support that DksA binds in the secondary channel, as predicted from its
resemblance to the Gre factors19 (I. Toulokhonov, J. Mukhopadhyay, R.H. Ebright, and
R.L.G., unpublished data). Like the Gre factors, DksA prevents the formation of arrested
complexes, although it cannot activate the intrinsic cleavage activity of RNAP or rescue
arrested elongation complexes.19

To provide further insight into the mechanism of DksA function, we compared the effects of
DksA and the Gre factors on transcription initiation in vitro and in vivo. If one or both Gre
factors could perform the same functions as DksA, this would suggest that a shared property
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of the factors might explain the effects of DksA. If the Gre factors could not perform functions
of DksA, this would focus future efforts on understanding properties unique to DksA.

We show here that, like DksA, GreB affects rRNA promoters in vitro, but its low concentration
prevents it from controlling rRNA transcription in vivo. In contrast, GreA has little or no effect
on rRNA promoters either in vitro or in vivo. Furthermore, unlike DksA, neither Gre factor co-
activates amino acid biosynthesis gene promoters with ppGpp nor rescues the ability of RNAP
lacking the ω subunit to respond to ppGpp in vitro and in vivo. We conclude that properties
shared between DksA and GreB, including their ability to increase the rate of RNAP-promoter
complex dissociation, are sufficient to explain most of the effect of DksA on rRNA
transcription. However, these properties are insufficient to account for the role of DksA in
positive control of transcription initiation or in compensation for the loss of the ω subunit.

Results
rrnB P1 transcription is regulated similarly by GreB and DksA in vitro

DksA is essential for regulation of rRNA transcription initiation.14 GreA and GreB are
structurally similar to DksA, and all three factors bind in the RNAP secondary channel19,20,
21,22 (I. Toulokhonov, J. Mukhopadhyay, R.H. Ebright, and R.L.G., unpublished data). To
determine whether GreA or GreB can regulate rRNA transcription like DksA, we first
compared the effects of the three factors on transcription from rrnB P1 in vitro (Figure 1(a)).
Both GreB and DksA strongly and specifically inhibited rrnB P1 transcription (~35 and 50-
fold inhibition with 2 μM GreB and DksA, respectively). At the same concentration, GreA
inhibited rrnB P1 transcription less than 2-fold. Consistent with our previous work on DksA,
none of the three proteins inhibited transcription from the lacUV5 promoter or from the RNA-
I promoter (encoded by the plasmid) (Figure 1(b)). Inhibition of transcription was specific to
rrnB P1 even though the lacUV5 promoter construct produced exactly the same RNA transcript
(both plasmids were constructed with the same DNA sequences downstream of +1; see
Materials and Methods). This suggested that the mechanism of inhibition most likely derived
from an effect on transcription initiation, not elongation (see also below).

DksA greatly amplifies the inhibitory effect of ppGpp in vitro and in vivo.14 To address
whether the Gre factors, like DksA, could synergize with ppGpp to inhibit transcription, we
compared the effects of the three factors at concentrations (0.1 μM) where alone they had little
or no effect on rrnB P1 transcription (Figure 1(c)) and under conditions where ppGpp by itself
had only a small effect on transcription (~30% inhibition; Figure 1(d)). Under these conditions,
ppGpp and GreB together inhibited transcription ~5-fold, similar to the effect of ppGpp and
DksA together (Figure 1(d)). However, ppGpp and GreA together inhibited transcription little
more than ppGpp alone, even with 60-fold more GreA than GreB or DksA (6 μM, Figure 1
(d)), sufficient to saturate GreA binding to RNAP (see below).

rRNA promoters need high concentrations of the first NTP to initiate transcription, 5,8 and
DksA further increases this NTP requirement.14 Like DksA, GreB increased the NTP
concentration required for transcription initiation from rrnB P1 (Figure 1(e)). Surprisingly,
GreB had a larger effect than DksA (see Discussion). GreA had no effect on the iNTP
requirement.

GreB and DksA similarly decrease the half-life of the RNAP-promoter complex
We next addressed the mechanism responsible for the effect of GreB on rrnB P1 transcription.
Since the effects of GreB and DksA on rrnB P1 were so similar, we reasoned they might have
the same kinetic basis. We showed previously that the half-life of the RNAP-rRNA promoter
complex correlated with its regulation in vitro and in vivo.4,5,9,11 DksA decreased the half-
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life of the RNAP complex with all promoters tested.14 We proposed that DksA inhibits
transcription from rRNA promoters, but not from most other promoters, because rRNA
promoters make unusually short-lived complexes with RNAP. By further decreasing the half-
life of the rRNA promoter complex, DksA reduces transcription and further sensitizes the
promoter to changing concentrations of the iNTP and ppGpp. Therefore, rrnB P1 mutations
that increased the lifetime of the complex with RNAP eliminated the effect of DksA on
transcription initiation in vitro and in vivo.3,4,14

We compared the effects of the Gre factors on promoter complex half-life with that of DksA.
RNAP, with or without GreA, GreB, or DksA, was added to a supercoiled plasmid containing
rrnB P1 (Figure 2(a)) or to a DNA fragment containing lacUV5, a promoter with which RNAP
forms a long-lived complex that is not rate-determining for transcription (Figure 2(b)).
Transcription (Figure 2(a)) or filter retention (Figure 2(b)) were then used to quantify the
fraction of complexes remaining at different times after competitor addition. We note that the
filter binding assay does not depend on transcript formation as a read-out of the fraction of
competitor-resistant complexes remaining. Therefore, in this assay complexes would not be
subject to potential effects of Gre factors on transcript cleavage or elongation rates that might
confound interpretation of effects on initiation (see below and Materials and Methods).
Consistent with the results of a previous report on the λPR promoter,23 GreB decreased the
half-lives of the complexes formed on both rrnB P1 (Figure 2(a)) and lacUV5 (Figure 2(b)).
Furthermore, its effects were almost identical to those of DksA. In contrast, GreA had a much
smaller effect on the complexes formed by both promoters.

By measuring the half-lives of lacUV5 promoter complexes at a range of DksA, GreA, and
GreB concentrations, we determined the maximal decrease in complex half-life at saturating
factor concentration and the factor concentration required to reduce the half-life by 50% (the
apparent Kd). Saturating concentrations of DksA and GreB reduced complex half-life to the
same extent, whereas GreA reduced complex half-life to a much smaller extent (Figure 2(c)).
The apparent Kds of GreB and DksA for RNAP were virtually identical (Kd ~ 0.1 μM), whereas
the apparent affinity of GreA for RNAP (Kd ~0.8 μM) was 8-fold weaker than that of GreB or
DksA (see also24).

DksA and GreB also similarly enhanced the effect of ppGpp on decay (Figure 2(d) and (e);
see also14,17). ppGpp and GreA together reduced complex lifetime much less than ppGpp
with DksA or GreB (Figure 2(f)), as expected from the fact that GreA had a smaller effect on
rrnB P1 transcription and on complex lifetime. Thus, the apparent binding affinities of the three
factors for RNAP, their relative effects on promoter complex half-life, and their effects on half-
life in conjunction with ppGpp are consistent with their effects on rrnB P1 transcription in
vitro.

We think that two other previously-characterized activities of GreB are less likely to account
for its inhibitory effect on rrnB P1 transcription. First, GreB can stimulate the intrinsic RNA
cleavage activity of RNAP,20 but no transcript cleavage was detected at the GreB
concentrations where promoter-specific inhibition of rrnB P1 transcription was observed
(Figure 1). (Shorter migrating transcripts were detected at very high GreB concentrations in
vitro, however, where GreB inhibited transcription promoter-nonspecifically; data not shown).
Furthermore, the identity of the sequence upstream, rather than downstream, of the
transcription start site was responsible for the inhibitory effect of GreB, suggesting that it
affected transcription initiation (Figure 1(a) and (b)). Finally, DksA and GreB similarly
inhibited transcription of rrnB P1, yet DksA does not stimulate the intrinsic RNA cleavage
activity of RNAP,19 indicating that cleavage is not a requirement for transcription inhibition.

Rutherford et al. Page 4

J Mol Biol. Author manuscript; available in PMC 2007 March 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Second, Gre factors have been reported to reduce abortive initiation and enhance promoter
clearance.25 However, these effects increase transcription,20 opposite of the effect of GreB
observed on rrnB P1. Taken together, the data suggest that GreB, like DksA, exerts its
promoter-specific effects on rrnB P1 during transcription initiation rather than elongation.

Deletion of greA, greB, or both has little or no effect on rRNA promoter activity in vivo
We next determined whether effects of Gre factors on rRNA promoters could be detected in
vivo by comparing the activities of promoter-lacZ fusions in wild-type, dksA, greA, or greB
deletion mutant strains. As observed previously, rrnB P1 promoter activity increased in strains
lacking dksA14 (~3 to 6.5-fold in rich medium in log and stationary phase, respectively; ~4 to
10-fold in defined medium; Figure 3(a)–(d)), reflecting a loss of regulation by ppGpp and iNTP
concentration. In contrast, a control promoter, lacUV5, increased much less in the dksA mutant
(1.2 to 1.4-fold in rich medium; Figure 3(e) and (f)).

Deletion of either greA or greB alone increased rrnB P1 promoter activity only slightly in any
of the growth conditions tested (Figure 3(a)–(d)), and these effects were similar to those on the
control promoter (Figure 3(e) and (f)). Effects of deletion of both greA and greB together
(ΔgreAΔgreB) on rrnB P1 were slightly larger than with the ΔgreA or ΔgreB single mutants
in stationary phase and were exaggerated even slightly more on the lacUV5-lacZ fusion (Figure
3(a)–(f)). We have not investigated the mechanism(s) responsible for these effects, since they
were promoter-nonspecific. In theory, they could derive from direct or indirect effects on
transcription elongation or on translation of the reporter rather than on transcription initiation
(see also20,26).

Strains were also constructed containing a deletion of the dksA gene in combination with
deletions of greA, greB or both (ΔdksAΔgreA,ΔdksAΔgreB, or ΔdksAΔgreAΔgreB). In general,
the effects on rrnB P1 or lacUV5 in log phase and stationary phase were similar to that of the
ΔdksA mutation alone (data not shown). The triple mutant strain displayed growth defects,
saturated at a lower optical density, and accumulated suppressor mutations. We reproducibly
observed small increases in rrnB P1 and lacUV5 promoter activity in stationary phase in the
ΔdksAΔgreAΔgreB mutant relative to the ΔdksA mutant. However, these ratios represent
comparisons of accumulated β-galactosidase activity in stationary phase cultures that had
undergone different numbers of cell divisions and therefore should be interpreted with caution.

In summary, our results suggest that GreA and/or GreB have little specific influence on rRNA
promoter activity in vivo. These results contrast sharply with the large effect of DksA.

The DksA concentration is higher than that of GreA or GreB at all times in growth
The cellular concentrations of DksA, GreA, and GreB, as well as their RNAP binding affinities,
would influence their effects on transcription in vivo. Therefore, we determined the amounts
of the three factors in cell lysates at different times during growth using quantitative Western
blots (Figure 4). The DksA concentration was ~137 fmoles/μg total cell protein in cells growing
exponentially (Figure 4(a) and legend) and remained at almost this level for several hours in
stationary phase, after which it declined by ~50% (Figure 4(b); V. Shingler, Umea University,
personal communication). Since DksA is a negative regulator of rRNA transcription, and rRNA
promoter activity decreases in stationary phase,5 this change in DksA concentration could not
be responsible for rRNA promoter inhibition. These results are consistent with our previous
conclusion that changes in ppGpp and iNTP concentrations, rather than in DksA concentration,
account for regulation of rRNA promoter activity.14

The GreA concentration (~53 fmoles/μg total protein in log phase; Figure 4(c)) was ~2 to 3-
fold lower than the DksA concentration at all times (Figure 4(d)). The combination of its low
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cellular concentration and its weak effect on RNAP-promoter complexes, even at saturating
concentrations, would be sufficient to account for the lack of an effect of the ΔgreA mutation
on rRNA promoter activity.

The GreB concentration (~13 fmoles/μg total protein in log phase; Figure 4(e)) was ~10-fold
lower than the DksA concentration throughout the growth curve (Figure 4(f)). Thus, even
though GreB and DksA have similar effects on rrnB P1 in vitro (Figures 1–2), the low cellular
GreB concentration would be sufficient to explain the lack of an effect of the ΔgreB mutation
on rRNA promoter activity in vivo.

We also measured the amounts of RNAP to determine its approximate stoichiometry with
DksA, GreA, and GreB at different times. The RNAP concentration was ~12 fmoles/μg total
protein in log phase (data not shown), consistent with previous estimates (e.g.27), and
decreased 25% or less in stationary phase. Thus, DksA and GreA are in excess of RNAP in
vivo, and GreB is approximately equimolar with RNAP.

Overexpressed GreB, but not GreA, complements a ΔdksA strain for regulation of rRNA
transcription

The above results showed that GreB (and to a much lesser extent GreA) affected rRNA
promoters like DksA in vitro, but that the concentrations of GreB were much lower than that
of DksA in vivo, accounting for the lack of specific effects of deleting greB on rrnB P1 activity.
To determine whether there were differences in mechanistic properties, in addition to
differences in amounts, of the different factors that affected their abilities to inhibit rrnB P1
activity in vivo, we determined whether overexpression of the Gre factors complemented the
ΔdksA mutation (i.e. reduced rrnB P1 promoter activity to its wild-type level).

In the ΔdksA mutant, rrnB P1 promoter activity was higher than in the wild type strain (3.6-
fold higher in log phase, Figure 5(b), and 17-fold higher in stationary phase, Figure 5(c)). The
medium was different than that used in Figure 3, likely accounting for the slightly different
fold-increase compared to that observed previously in stationary phase (see also14). A plasmid
that supplied DksA (~50% as much DksA as in wild-type cells; Figure 5(a)) was sufficient to
almost fully complement the ΔdksA mutation, reducing rRNA promoter activity to near wild-
type levels (Figures 5(b) and (c), ΔdksA + pdksA; see also14).

When GreA was expressed 11-fold higher than its wild-type level, enough to compensate for
its 8-fold lower apparent affinity for RNAP than DksA, there was little effect on rrnB P1
promoter function in the ΔdksA mutant (Figures 5(b) and (c), ΔdksA + pgreA). In contrast,
when GreB was expressed to a level 13-fold higher than its wild-type concentration, 1.3-fold
higher than the concentration of DksA in a wild-type strain (Figure 5(a)), there was partial
complementation of the ΔdksA mutant: rrnB P1 promoter activity was reduced relative to that
in the ΔdksA strain, although it was still higher than in the wild-type strain or in the ΔdksA
strain complemented with pdksA (Figures 5(b) and (c), ΔdksA + pgreB). We conclude that,
when expressed at high enough levels in vivo, GreB partially restores regulation of rrnB P1 in
the absence of DksA. Parallel experiments with the lacUV5 control promoter-lacZ fusion
showed that expression of DksA fully complemented and overexpression of GreB partially
complemented the small (~2-fold) effect of the ΔdksA mutation on this promoter, but
overexpression of GreA had no effect (data not shown).

Based on their sequence and structural similarities, GreA likely interacts with the same site on
RNAP as GreB. Although the details of their interactions with RNAP must differ enough to
account for the differences in their effects on rrnB P1 transcription, we reasoned that binding
of GreA to RNAP might compete with binding of GreB in the absence of DksA, and thereby
lessen the ability of GreB to complement the ΔdksA mutant. To test this possibility, GreB was
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overexpressed in a ΔdksAΔgreA double mutant strain. Under these conditions,
complementation by GreB was more effective than in the ΔdksA strain (Figure 5(b) and (c)):
rRNA promoter activity was reduced almost to wild-type levels in both log and stationary phase
(i.e. only ~1.7-fold higher than in the wild-type strain in log phase, and only ~2.5-fold higher
in stationary phase, lower than the derepression of rrnB P1 observed with GreB overexpression
in the ΔdksA mutant strain wild-type for greA, and much lower than that observed without
GreB overexpression).

Overexpression of GreB also complemented most of the effect of the ΔdksA mutation on growth
rate (Figure 5(d)). The generation time of the ΔdksA mutant in this medium (MOPS/glycerol/
amino acids; see Materials and Methods) was considerably longer than that of the wild-type
strain (Figure 5(d); see legend for doubling times). Plasmid-encoded DksA (pdksA) fully
complemented the ΔdksA mutant with respect to effects on growth rate. Overproduction of
GreA did not complement the ΔdksA mutant at all, whereas overproduction of GreB partially
complemented the ΔdksA mutant, qualitatively consistent with the effects observed on rRNA
promoter activity.

We emphasize that the low concentration of GreB in wild-type cells likely limits the
physiological significance of its effect on rRNA promoter activity. However, taken together
with the effects of GreB described in vitro (Figures 1–2), our results strongly suggest that GreB
and DksA share mechanistic properties that account for their effects on rrnB P1 transcription.
Furthermore, given the similar effects of GreB and DksA on promoter complex half-life, our
results are consistent with the model that shifting the rRNA promoter-RNAP equilibrium in
the dissociation direction is a major component of the role of DksA in regulating rRNA
transcription initiation in vivo.

The Gre factors do not facilitate positive control by ppGpp in vitro
In addition to their role in regulation of rRNA promoter activity, DksA and ppGpp together
can co-activate transcription, greatly increasing the effect of ppGpp on a subset of promoters
for amino acid biosynthesis including Phis and PthrABC.12 ppGpp or DksA alone had little
effect on these promoters in vitro, but ppGpp together with DksA increased Phis activity ~3-
fold (Figure 6(a)) and PthrABC activity ~5-fold (Figure 6(b)). In contrast, ppGpp together with
GreA or GreB were unable to affect these promoters. Thus, positive control of transcription
by ppGpp requires distinct properties of DksA that are not supplied by the Gre factors.

The Gre factors, unlike DksA, cannot synergize with ppGpp to regulate rRNA promoters in
the absence of the ω subunit of RNAP

We reported previously that ppGpp failed to inhibit transcription by RNAP lacking the ω
subunit in vitro, but ppGpp did inhibit the enzyme without ω when DksA was included in the
reaction.17 Consistent with these results, DksA at 0.5 μM together with ppGpp at 400 μM,
conditions where neither alone decreased transcription of rrnB P1 by RNAP lacking ω, together
inhibited transcription by almost 60% (Figure 7(a)). In contrast, neither Gre factor worked with
ppGpp to inhibit transcription by RNAP lacking ω. Thus, ppGpp and DksA could
synergistically inhibit transcription even in the absence of ω, but GreA or GreB were deficient
in functioning without ω. This deficiency did not result from an ω requirement for Gre factor
binding (data not shown).

To address whether ω was required for the observed partial complementation of the ΔdksA
mutation in vivo by plasmid-encoded GreB (Figure 5), we measured the activity of an rrnB P1
promoter-lacZ fusion in rich medium in a ΔdksA strain that was also deleted for rpoZ, the gene
encoding ω. Consistent with previous reports, the ΔrpoZ mutation by itself had little or no
effect on rrnB P1 promoter activity in vivo,18 and the ΔdksA mutation derepressed rrnB P1
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transcription14 (almost 3-fold in log and almost 6-fold in stationary phase; Figure 7(b) and
(c)). Plasmid-encoded GreB partially complemented the effect of the ΔdksA mutation on
rrnB P1 transcription, as also shown in Figure 5 in defined medium.

Plasmid-encoded GreB decreased rrnB P1 transcription less in the ΔdksAΔrpoZ mutant than
in the ΔdksA mutant: GreB reduced rrnB P1 activity only 10% in log and 18% in stationary
phase in the double mutant compared to 29% and 46%, respectively, in the single mutant
(Figure 7(b) and (c)). Thus, consistent with the results in vitro (Figure 7(a)), GreB required
ω to affect rrnB P1 transcription in vivo.

We note that the ΔdksAΔrpoZ double mutant displayed a pronounced growth defect; although
its doubling time was only about 15% longer than the ΔdksA or ΔrpoZ single mutants in rich
medium, it reached an optical density only about one-half that of the single mutant strains.
Since β-galactosidase is stable, enzyme activity accumulates per total protein when cells stop
growing. This complicates interpretation of differences in β-galactosidase activity when strains
saturate at different optical densities (i.e. in the comparison of the double mutant with the single
mutant strains in stationary phase; Figure 7(c)). To our knowledge, the decrease in growth of
the double mutant strain represents the first in vivo phenotype reported for an E. coli ΔrpoZ
strain.

Discussion
Implications for the mechanism of DksA action

Previous work demonstrated that the competitor-resistant complex formed by RNAP on rRNA
promoters is short-lived.2 Promoter or RNAP mutants that alter the equilibrium between this
and earlier complexes on the pathway to open complex formation alter regulation of rRNA
promoters by ppGpp and the iNTP in vitro and in vivo (e.g.4,9,28). Since DksA further
decreases the intrinsically short half-life of the rRNA promoter complex and amplifies the
effects of ppGpp and the iNTP on rRNA transcription, we suggested that its effect on half-life
accounts, at least in part, for its role in control of rRNA transcription.14 We show here that
DksA and GreB have similar apparent binding affinities and similar effects on complex half-
life, although only DksA can affect rrnB P1 at the concentrations of these factors present in
wild-type cells. Expression of GreB to a concentration similar to that of DksA in wild-type
cells partially complemented the defect in rRNA regulation in vivo caused by deletion of
dksA, and almost fully complemented the absence of dksA in a strain also lacking greA.
However, GreB was unable to mimic the effect of DksA in positive control of transcription or
to function with ppGpp on RNAP lacking ω, implying that these effects require another
property of DksA.

How could GreB mimic some activities of DksA and not others? Differences in the interactions
of DksA versus GreB with RNAP could result in effects on different microscopic rate constants
in the overall mechanism of transcription initiation, even though they appear to have identical
effects on the composite rate constant that determines the half-life of the promoter complex.
In theory, DksA and GreB could differentially alter a step in the association direction during
open complex formation, thereby differently affecting positive regulation of amino acid
biosynthesis promoters.12 We also note that GreB had a greater effect than DksA on the NTP-
dependence of rrnB P1 (Figure 1(e) and legend), although differential effects on blocking NTP
access, rather than effects on different kinetic intermediates, could be an alternative explanation
for this observation.

The low concentration of GreB (relative to DksA) apparently is sufficient to account for the
lack of an effect of the ΔgreB mutation on rRNA promoters in otherwise wild-type cells.
Whereas the low concentration of GreA, in conjunction with its weak affinity for RNAP, is
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able to account for its inability to substitute for DksA in vivo, we also show that GreA lacks
mechanistic properties of DksA that prevent complementation even when overproduced to
compensate for its low affinity. Therefore, binding in the secondary channel is necessary but
insufficient to account for the effects of DksA on transcription.

A recent study29 proposed that GreA stimulates rRNA transcription and that by balancing
antagonistic effects of DksA and GreA, the cell regulates rRNA promoters in vivo. The apparent
stimulatory effects of GreA on transcription in vivo29 were observed only when it was
dramatically overproduced from an induced tac promoter designed for protein purification
purposes. In contrast, our results suggest that when the GreA concentration is in the
physiologically relevant range (at least under the conditions examined here), it does not
compete with DksA for binding to the promoter complex and that GreA does not positively
control rRNA promoters in vitro or in vivo.

We emphasize, however, that we have not ruled out the possibility that Gre factors might be
expressed at higher levels under some other growth conditions and thereby either relieve the
effect of DksA on rRNA transcription (in the case of GreA) or substitute for it (in the case of
GreB). We also point out that, in theory, either GreB or DksA could suffice to increase the
NTP-sensitivity of rRNA promoters under some conditions, since less GreB than DksA was
needed to alter the NTP-dependence of rrnB P1 in vitro (Figure 1(e)).

Structural perspective on differences in DksA and Gre factor function
DksA shows little or no primary sequence homology to the Gre factors. Although DksA, GreA,
and GreB have similar sizes and comparable folds in their coiled-coil domains,19,22,30 there
are substantive differences in amino acid sequence in this domain, and there are even greater
differences in sequence and structure of their globular domains.

The globular domains of both DksA and the Gre factors likely dock on a coiled-coil in β′ near
the entrance to the RNAP secondary channel19–22 (I. Toulokhonov, J. Mukhopadhyay, R.H.
Ebright, and R.L.G., unpublished data). However, the globular domains of DksA and the Gre
factors are so different that it is unlikely they bind to RNAP in an analogous fashion. The
globular domain of DksA contains a zinc finger and a C-terminal α-helix, neither of which is
present in the Gre factors.19 Potential roles for these features of DksA in RNAP binding and/
or function remain to be determined.

Furthermore, it is also unclear that the coiled-coil domains of the Gre factors and DksA bind
in the RNAP secondary channel in an analogous fashion. If the coiled-coils of the Gre factors
and DksA were to superimpose,19 then their acidic tips would be oriented in opposite directions
with respect to the RNAP active site region. Conversely, if their acidic tips were to
superimpose, then their coiled-coils would be oriented differently with respect to the secondary
channel wall. Differences in charge distribution in the coiled-coils of GreA and GreB appear
to play a role in the differences in the RNA cleavage activities stimulated by these two proteins.
31,32 However, it is not yet clear whether charge distribution in the DksA coiled-coil is
important for its effects on transcription initiation. In depth structure-function analyses will be
required to determine which parts of GreB and DksA are responsible for their mechanistic
similarities and differences.

Two different orientations of ppGpp were identified crystallographically at a single binding
location at the bottom of the secondary channel of Thermus thermophilus RNAP, and it was
proposed that these differing orientations might be related to positive versus negative regulation
by ppGpp.33 It was also proposed that the acidic tip of DksA might chelate a ppGpp-bound
Mg++ and this was crucial for DksA function. It is not yet clear that either of the ppGpp binding
sites identified in the co-crystal are the ones responsible for the biologically significant effects
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of ppGpp on transcription initiation. Nevertheless, since DksA and GreB both synergize with
ppGpp to inhibit transcription, but only DksA synergizes with ppGpp to stimulate transcription,
determination of the residues in DksA and GreB required for positive versus negative control
by ppGpp may improve our understanding of these control mechanisms.

Role of ω in regulation of rRNA promoters
Previously, we showed that the rrnB P1 promoter was not inhibited by ppGpp in vitro when
transcribed by RNAP lacking ω, although DksA restored the response of the rRNA promoter
complex to ppGpp.17 Since ΔrpoZ mutants grow like wild-type cells and display normal
stringent responses,18 indicating they respond to ppGpp, we suggested that DksA might mask
the effect of the absence of ω on rRNA expression in vivo.17 The properties of the
ΔdksAΔrpoZ double mutant (Figure 7) provide the first in vivo phenotype associated with the
absence of ω. These results suggest the intriguing possibility that undersaturation of RNAP
with ω, under certain conditions, might influence cellular regulatory responses.

Perspective
Since overexpressed GreB can provide almost the same degree of rRNA transcription
regulation as DksA, our results suggest that, ultimately, interactions with RNAP that are shared
between the two factors will account for much of their effects on rRNA transcription initiation.
Conversely, interactions with RNAP that are not shared between DksA and GreB may account
for their differing capabilities in positive control. There are ample differences in the structures
of DksA and the Gre factors that could account for their functional specificities. Understanding
which DksA interactions with RNAP are shared and which are unique will be invaluable in
elucidating the molecular mechanisms responsible for its effects on transcription initiation.

Materials and Methods
Strains, plasmids, and proteins

Strains and plasmids are listed in Table 1. Promoter-lacZ fusions are on λ prophages integrated
at the λ attachment site in VH1000.34 Promoter sequence endpoints are indicated in the figure
legends. The ΔdksA mutation (dksA::tet) has been described previously.14 The ΔgreA and
ΔgreB mutations (greA::cm and greB::kan) originated from CLT252 and CLT253,
respectively and were obtained from R. Landick, University of Wisconsin. greA::cm and
greB::kan are insertion-deletions that replace the entire coding regions with chloramphenicol
or kanamycin-resistance cassettes, respectively (109 bp upstream of the AUG and 177 bp
downstream of the stop codon for the greA mutation and 7 bp upstream of the AUG and 119
downstream of the stop codon for the greB mutation). The mutations were transduced to
reporter strains by standard procedures using phage P1vir.

Plasmids expressing GreA or GreB from the lpp-lac promoter were constructed by amplifying
the gene of interest by PCR and ligating the products between the XbaI and HindIII sites of
pINIIIA1, as described previously for DksA.14 The constructs contained sequences from 16,
21, or 16 bp upstream of the ATG to 28, 22, or 28 bp downstream of the termination codon for
greA, greB, and dksA, respectively.

Plasmid templates used for in vitro transcription were derivatives of pRLG770.35 Promoter
sequence endpoints are indicated in Table 1. The plasmids contain rrnB T1T2 transcription
terminators ~160 bp downstream of the site of insertion of the promoter fragment and also
encode the RNA-I promoter.

Hexahistidine-tagged DksA was overexpressed from a phage T7 promoter in BL21(DE3) and
purified as described.14 GreA was overexpressed from pDNL278 in JM109 and purified as
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described.26 His-tagged GreB was overexpressed from the trc promoter in pMO1.4His in
BL21 after induction with IPTG, and purified as described.24 Protein concentrations were
determined with the Bradford Assay Reagent (BioRad), using BSA as a standard, and diluted
into storage buffer (40 mM Tris HCl pH 7.5, 0.8 M NaCl, 1 mM EDTA, 1 mM DTT) before
use.

Native RNAP was purified by standard procedures.36 Core RNAP from an rpoZ mutant strain
(Table 1) was purified using the polyol-responsive antibody 8RB13 (NeoClone, Inc. Madison,
WI) as described37 and was then reconstituted with 3-fold molar excess σ70. σ70 was purified
by standard procedures.38

In vitro transcription
Multiple or single round in vitro transcription was performed as described14 with 1 nM
supercoiled plasmid and 10 nM RNAP at 30ºC in transcription buffer (40 mM Tris HCl, pH
7.9, 10 mM MgCl2, 1 mM DTT, 0.1 mg/ml BSA) and the salt concentrations indicated in the
figure legends. For single round transcription (Figure 1(a,b)), complexes were formed by
incubation of RNAP and template DNA at 30ºC for 10 min. NTPs (500 μM ATP, 200 μM
GTP, 200 μM CTP, 10 μM UTP, and 1.0 μCi [α-32P] UTP, final concentrations) were added
simultaneously with 200 nM double-stranded full consensus promoter DNA as competitor for
free RNAP.38 After 10 min for transcription elongation, the reactions were stopped with an
equal volume of formamide gel loading solution. Multiple round NTP-dependence assays
(Figure 1(e)) were carried out at 25°C using 200 μM GTP, 10 μM CTP, 10 μM UTP and
[α-32P] UTP, and varying ATP concentrations from 25–5000 μM, as described.9 For the
multiple round reactions shown in Figure 6, the buffer and NTP concentrations were as
described above for the single round experiments, and reactions were initiated by addition of
RNAP. Transcripts were separated on 7M urea, 6% polyacrylamide gels and quantified by
phosphorimaging using ImageQuant. We emphasize that only reactions carried out under the
same conditions of salt and temperature can be compared directly. Concentrations of factors,
ppGpp, or both in each reaction are indicated in the figure legends. Control reactions contained
protein storage buffer.

β-galactosidase assays
Cells were grown without IPTG in the media indicated in the figure legends for ~4 generations
to an OD600 of ~0.4 (for log phase) or for ~24 hr to an OD600 of ~5.0 (stationary phase). The
ΔdksAΔrpoZ double mutant strain reached an OD600 of only ~2.5 in stationary phase; see
Results. The MOPS-based medium contained 0.4% glycerol, 40 μg/ml each of tryptophan and
tyrosine, and 80 μg/ml each of the other 18 amino acids. The M9-based medium contained
0.4% glycerol, 40 μg/ml tryptophan, and 0.8% casamino acids. Cultures containing plasmids
were supplemented with 100 μg/ml ampicillin. Cells were harvested, chilled on ice for ~20
min, lysed by sonication, and β-galactosidase activity was determined by standard methods.
11

RNAP-promoter complex decay assays
Half-lives of RNAP-promoter complexes (Figure 2) were determined using either a
transcription based assay or a filter-binding assay.11 For the transcription based assay, 10 nM
of RNAP was incubated with 1 nM supercolied DNA template containing the rrnB P1 promoter
(endpoint −61 to +1, pRLG5944) in transcription buffer (40 mM Tris HCl pH 7.9, 10 mM
MgCl2, 1 mM DTT, 0.1 mg/ml BSA) containing 30 mM NaCl and DksA, GreA, GreB, or
storage buffer (as indicated in the figure legends) at 30ºC for 10 min. Reactions were initiated
with NTPs (500 μM ATP, 200 μM GTP, 200 μM CTP, 10 μM UTP, and 1.0 μCi [α-32P] UTP,
final concentrations) at time points after the addition of 200 nM double-stranded full consensus
promoter DNA (as competitor for free RNAP).36 Reactions were stopped, the RNA products
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were separated on gels, and quantified as described above. The amount of transcription relative
to that at the time of competitor addition was plotted as a function of time.

For the filter binding assay (Figure 2(b)–(f)), ~0.2 nM of a 242 bp XhoI restriction fragment
containing the lacUV5 promoter (endpoints −60 to +40) from pRLG4264 was 32P end-labeled
and incubated with 10 nM RNAP in transcription buffer (40 mM Tris HCl pH 7.9, 10 mM
MgCl2, 1 mM DTT, 0.1 mg/ml BSA) containing 100 mM NaCl and the indicated concentration
of ppGpp, DksA, GreA, GreB, or storage buffer at 25ºC (or 30ºC for the assays done in the
presence of ppGpp) for 30 min. Heparin (to 10 μg/ml) was added, aliquots were removed at
the indicated times, and RNAP-promoter complexes were captured on nitrocellulose filters.
The radioactivity retained was determined by phosphorimaging, and half-lives were calculated
as described.11 DNase I footprinting of lacUV5 complexes formed in the presence and absence
of the three factors under these conditions confirmed that the complexes retained by the filters
were specific and competitor-resistant. In addition, control experiments confirmed that the
factors alone (in the absence of RNAP) were not able to capture the promoter DNA fragment
on the filters (data not shown).

To calculate the apparent Kd (Figure 2(c)), half-lives were determined at a range of DksA,
GreA, and GreB concentrations relative to the half-lives in the absence of factor and plotted
versus the factor concentration. Each point represents the average half-life determined from at
least two time courses. The curves were fit to an exponential decay equation using SigmaPlot.
The apparent Kd represents the factor concentration required for half the maximal decrease in
complex lifetime. In theory, these Kds could underestimate the actual affinities of the proteins
for RNAP, since the half-life assay includes step(s) in addition to binding.

Quantitative Western blots
Protein concentrations were determined from 50–100 ml cultures grown under the same
conditions used for the β-galactosidase assays (see above). Briefly, after growth to the indicated
optical densities and 20 min on ice, cells were harvested by centrifugation, suspended in ≤ 1
ml 10 mM Tris HCl pH 7.9, 1 mM EDTA, 5% glycerol, 0.1 mM PMSF, lysed by sonication,
and centrifuged to remove insoluble material. The total soluble protein concentration was
determined with Bradford Assay Reagent using BSA as a standard. A range of purified GreA,
GreB, and DksA concentrations was used to construct standard curves (see Figure 4). Lysates
and standards were separated on 4–12% SDS-polyacrylamide gels (Invitrogen), transferred
electrophoretically to PVDF membranes (Bio-Rad), and Western blots were performed as
described.14 ~5 μg, ~40 μg, and ~100 μg protein lysate were used for detection of DksA, GreA,
and GreB, respectively. Rabbit polyclonal anti-DksA antiserum was a generous gift from D.
Downs (UW-Madison) and was precleared with total lysate from a strain lacking dksA. Mouse
monoclonal anti-GreA and anti-GreB antisera were produced by NeoClone, Inc (Madison, WI)
and showed no cross-reactivity to each other. Mouse monoclonal anti-β′ RNAP antiserum was
a gift from R. Burgess (UW-Madison). An HRP-conjugated secondary antibody (specific to
rabbit IgG for polyclonal or to mouse IgG for monoclonal antibodies; Santa Cruz
Biotechnology) was detected using ECL+ reagent (GE Healthcare). Western blots were
scanned with a Typhoon phosphorimager [GE Healthcare, 520 BP 40 Cy2, ECL+ Blue family
(emission), ECL+ excitation (laser)], quantified with ImageQuant (Molecular Dynamics), and
protein amounts in the cell lysates were interpolated from the standard curve.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
GreB and DksA specifically inhibit transcription from rrnB P1 in vitro, enhance inhibition of
transcription by ppGpp, and increase the iNTP concentration required for maximal
transcription. (a) Effect of DksA, GreA or GreB (2μM) on transcription from rrnB P1. Single-
round in vitro transcription reactions were carried out in duplicate in transcription buffer
containing 30 mM NaCl with plasmid templates containing rrnB P1 (endpoints −61/+1;
pRLG5944) (see Materials and Methods). RNA-I is a plasmid-encoded transcript. The amount
of transcript from rrnB P1 in the presence of each factor relative to that with no factor is shown
beneath the gel lanes. (b) Same as (a) except the plasmid contained the lacUV5 promoter
(endpoints −46/+1; pRLG3422) (c) Effect of low concentrations of DksA, GreA or GreB on
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transcription from rrnB P1. Single-round in vitro transcription reactions were carried out in
duplicate in transcription buffer containing 50 mM NaCl with plasmid template pRLG6555.
Reactions contained 0.1 μM DksA, GreB, or GreA. (d) Effects of ppGpp and DksA, GreA, or
GreB on transcription from rrnB P1. When indicated, reactions contained 100 μM ppGpp and
100 μM ppGpp with DksA (0.1 μM), GreB (0.1 μM) or GreA (6 μM). (e) Effect of DksA,
GreA, or GreB on ATP concentration-dependence of transcription from rrnB P1. Multiple-
round in vitro transcription reactions were carried out at increasing concentrations of the iNTP,
ATP. The plasmid template was pRLG6555, and the buffer contained 170 mM KCl (see
Materials and Methods). Transcription was normalized to the maximum (plateau) level for
each condition. The DksA, GreA, and GreB concentrations were 3.5 μM, 3.5 μM, and 0.5
μM, respectively (see text).
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Figure 2.
DksA, GreB, and GreA reduce the RNAP-promoter complex half-life. (a) Half-life of the
competitor-resistant rrnB P1 promoter complex in the presence of 0.1 μM DksA, 0.8 μM GreA,
0.1 μM GreB, or buffer only (no factor) was determined using a transcription based assay at
30ºC containing 30 mM NaCl and plasmid pRLG5944 (see Materials and Methods).
Transcription at different times after addition of competitor (consensus promoter DNA) was
normalized to the total amount of transcription at time zero. (b) Half-life of the competitor-
resistant lacUV5 complex in the presence of DksA, GreA, or GreB, or buffer only (no factor)
was determined using a filter binding assay at 25ºC in 100 mM NaCl (see Materials and
Methods). The representative decay curves (0.75 μM of each factor) show the fraction of
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complexes remaining versus time after heparin addition. (c) Apparent affinities of each factor
for RNAP. Half-lives of the competitor-resistant lacUV5 complex were determined at a range
of DksA, GreA, and GreB concentrations or with no factor by the filter binding assay. The
results are plotted as a function of the factor concentration. Best fit exponential decay curves
were drawn using SigmaPlot. The inset shows an expanded view of the low concentration
range. The apparent binding constants for each factor (i.e. the concentration of each factor
needed to decrease the half-life of the complex by 50%) were ~0.1 μM DksA, ~0.1 μM GreB,
and ~0.8 μM GreA. (d) – (f) Effects of DksA, GreB, and GreA on half-life in the presence of
ppGpp. Half-lives of the competitor-resistant lacUV5 complex in the absence of factor, with
80 μM ppGpp alone, with 0.15 μM DksA (d), GreA (e), or GreB (f) alone, or with 80 μM
ppGpp together with 0.15 μM DksA (d), GreA (e), or GreB (f). Half-lives were determined as
in (b) (see also Materials and Methods) except the experiments were performed at 30ºC.
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Figure 3.
dksA, but not greA or greB, is required for regulation of rRNA synthesis in vivo. β-galactosidase
activities (expressed in Miller Units) were determined in strains containing promoter-lacZ
fusions. (a) – (d) rrnB P1 promoter (sequence endpoints −61 to +1; RLG5950). (e) and (f)
lacUV5 promoter (−46 to +1; RLG5022). In (a), (b), (e), and (f), cells were grown in LB at
30ºC. In (c) and (d), cells were grown in M9 defined medium (see Materials and Methods) at
30ºC. (a), (c), (e) log phase (OD600~0.4). (b), (d), (f) stationary phase. Numbers above each
bar refer to the fold-change in promoter activity relative to the same promoter in the same
growth condition in the wild-type strain. β-galactosidase activities from ≥ 2 cultures were
averaged, and ranges or standard errors are shown.
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Figure 4.
DksA concentrations are higher than GreA and GreB concentrations at all points in the growth
curve. Panels (a), (c), and (e) show representative Western blots from cell lysates of a wild-
type strain (RLG5950) grown in MOPS defined medium (see Materials and Methods) in log
phase (OD600 = 0.4). Panels (b), (d), and (f) plot relative amounts of the factors versus
OD600 at different times in a growth curve. (Concentrations are expressed relative to DksA at
OD600 ~ 0.4, defined as 1.0). Standard curves made from blots of each purified protein were
used to quantify the amounts of the factors in cell lysates. The DksA and GreB standards
migrate slightly slower than the native proteins from cell lysates, because they contain
hexahistidine tags. Concentrations (fmol factor/μg total protein) were determined from at least
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3 separate experiments at each of six cell densities, as indicated. The absolute concentrations
at OD600 ~ 0.4 were: DksA, 137 ± 34 fmol/μg. GreA, 53 ± 17 fmol/μg. GreB, 13 ± 5 fmol/
μg. Similar results were obtained for cells grown in LB medium (data not shown).
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Figure 5.
Overexpression of GreB, but not GreA, can partially compensate for the absence of DksA. In
the indicated strain backgrounds, DksA, GreA, or GreB were expressed without IPTG
induction from an lpp-lac promoter on plasmids derived from pINIIIAI (pRLG6333,
pRLG8229, pRLG8242; see Materials and Methods; Table 1). Cells were grown in MOPS
medium supplemented with 0.4% glycerol, 20 amino acids (see Materials and Methods), and
100 μg/ml ampicillin. (a) Protein concentrations, relative to the concentration of DksA in the
wild-type (WT) strain, were determined by quantitative Western blots at OD600 = 0.4 (log
phase). Promoter activities were determined (b) in log (OD600 ~0.4) and (c) in stationary phase
(24 hr of growth). Strains were derivatives of RLG5950, carrying an rrnB P1-lacZ reporter on
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a λ prophage (see Materials and Methods). Averages and standard deviations were calculated
from at least 3 experiments, except for the ΔdksA greA + pgreB strain, which was measured
in duplicate. The number above each bar indicates the fold-increase relative to the rrnB P1
promoter activity of the wild-type strain in the same condition. (d) Doubling times in log phase
in the MOPS medium used above were determined by monitoring OD600 (wild-type, 56 min.
ΔdksA, 88 min. ΔdksA + pdksA, 54 min. ΔdksA + pgreA, 93 min. ΔdksA + pgreB, 67 min.
ΔdksA ΔgreA + pgreB, 66 min.)
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Figure 6.
ppGpp and DksA, but not the Gre factors, co-activate transcription at amino acid biosynthesis
gene promoters. Multiple round in vitro transcription from Phis and PthrABC was carried out
in duplicate in transcription buffer containing 165 mM NaCl and 2 μM DksA, 2 μM GreB, or
7 μM GreA with or without 100 μM ppGpp. The templates were (a) Phis (promoter endpoints
−60 to +1; pRLG4413) or (b) PthrABC (promoter endpoints −72 to +16; pRLG5073).
Transcription from duplicate lanes was averaged and is quantified as the ratio ± ppGpp. Each
of the three factors increased transcription slightly in the absence of ppGpp, as described
previously for DksA.12
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Figure 7.
DksA, but not Gre factors, can compensate for the absence of the ω subunit of RNAP. (a)
Single round in vitro transcription reactions were carried out in duplicate in transcription buffer
with 30 mM NaCl using RNAP purified from a ΔrpoZ strain (see Materials and Methods).
Reactions contained 0.5 μM DksA, GreA, GreB, or no factor and either 400 μM ppGpp or
water. (b) and (c) Plasmid-encoded GreB cannot complement a strain lacking both dksA and
rpoZ for regulation of rrnB P1. ΔdksA rpoZ (RLG8327) strains were transformed with an empty
vector (pINIIIA1), pINIIIA1 encoding DksA (pdksA; pRLG6333), or pINIIIA1 encoding GreB
(pgreB; pRLG8242). Cells were diluted into fresh LB with 100 μg/ml ampicillin at 30°C to an
OD600~0.025, and β-galactosidase activity was measured after 4 generations (OD600~0.4)
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(b) or after 24 hr (c). The OD600 after 24 hr was ~2.5 in the ΔdksA ΔrpoZ strain and ~5 in the
other strains (see Results). Reported values are averages from at least 2 experiments.
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Table 1
Strains and Plasmids.

Strain or Plasmid Genotype or Description Source or Reference

Strain
 VH1000 MG1655 pyrE+ lacI lacZ (RLG3499) 8
 RLG830 JV554 rpoZ::kan 18
 RLG5022 VH1000 λlacUV5 (−46/+1)-lacZ C. Hirvonen and R.L.G.
 RLG5950 VH1000 λrrnB P1 (−61/+1)-lacZ 39
 RLG7238 RLG5950 dksA::tet this work
 RLG7239 RLG5950 greA::cm this work
 RLG7240 RLG5950 greB::kan this work
 RLG7241 RLG5950 dksA::tet greA::cm this work
 RLG7242 RLG5950 greA::cm greB::kan this work
 RLG7500 RLG5022 dksA::tet this work
 RLG8050 RLG5022 greA::cm this work
 RLG8051 RLG5022 greB::kan this work
 RLG8054 RLG5022 greA::cm greB::kan this work
 RLG8325 RLG5950 rpoZ::cm this work
 RLG8327 RLG5950 rpoZ::cm dksA::tet this work
Plasmid
 pDNL278 GreA overproduction plasmid 26
 pMO1.4His His6GreB overproduction plasmid 24
 pRLG770 transcription vector 35
 pRLG3422 PRLG770 containing lacUV5 (−46/+1) 8
 pRLG4264 pSL6 containing lacUV5 (−60 to +38) 40
 pRLG4413 PRLG770 containing Phis (−60/+1) B. Paul and R.L.G.
 pRLG5073 PRLG770 containing PthrABC (−72/+16) 41
 pRLG5944 PRLG770 containing rrnB P1 (−61/+1) C. Hirvonen and R.L.G.
 pRLG6332 pINIIIA1 42
 pRLG6333 PRLG6332 encoding DksA 14
 pRLG6555 PRLG770 containing rrnB P1 (−66/+9) 9
 pRLG7067 pET28a encoding HisDksA 14
 pRLG8229 PRLG6332 encoding GreA this work
 pRLG8242 PRLG6332 encoding GreB this work
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